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Received October 22, 2010 . Accepted February 10, 2011 . Available online March 4, 2011 . Published April 11, 2011 Chondrocytes and bone marrow mesenchymal stem cells (BMSCs) are frequently used as seed cells in cartilage tissue engineering (1) (2) (3) (4) . A satisfactory curative effect has been achieved in the clinical application of chondrocytes to the construction of tissue-engineered cartilage and the repair of defects of the articular cartilage (5-7). However, the clinical applications are hindered by the fact that: 1) chondrocytes are highly differentiated cells and their availability is therefore limited and 2) under in vitro conditions they tend to rapidly de-differentiate (8, 9) . BMSCs have been suggested as a substitute for chondrocytes in cartilage tissue engineering because of their significant proliferative and regenerative capacity (10, 11) . However, this strategy is problematic because of the low induction efficiency of single BMSC cultures, the potential risk for tumor formation by these cells (12) , and the need for growth factors and/or gene delivery systems to signal directed cell growth (13) . Thus, novel approaches are needed before BMSCs can be used therapeutically.
The co-culture of stem cells with other mature cells is being increasingly utilized to drive stem cells differentiation toward the needed lineages (14) . For example, the microenvironment formed by chondrocytes can promote the differentiation of BMSCs into chondrocytes (15, 16) and the cytokines secreted by BMSCs can encourage the proliferation of cartilage cells and the synthesis of cartilaginous extracellular matrix (ECM). Cartilage cells secrete growth factors such as transforming growth factor-β (TGF-β) and insulin-like growth factor-1 (IGF-1), which induce chondrocyte differentiation by BMSCs (17 However, the previous studies have not indicated whether better results could be achieved with the co-culture of chondrocytes and BMSCs than with pure cultures of either chondrocytes or chondrogenically induced BMSCs. Furthermore, the optimal ratio of chondrocytes and BMSCs in co-cultures has not been determined. The purpose of the present study was, firstly, to determine whether coculture of rabbit chondrocytes and BMSCs in vitro promotes the expression of cartilage ECM and, secondly, to define the optimal ratio of the two types of cells by measuring the production of extracellular matrix. Approximately 40-50% of total cartilage ECM is collagen, with 90% of total collagen being type II. Proteoglycans, more than 50% of which are aggrecan, correspond to about 25% of cartilage ECM. Thus, type II collagen and aggrecan were used to monitor the expression of cartilage ECM.
Material and Methods
All experimental procedures involving animals conformed with the NIH Guidelines for the Care and Use of Laboratory Animals and were approved by the Administration Committee of Experimental Animals, Jiangsu Province, China.
Isolation, culture, and expansion of bone marrow mesenchymal stem cells
BMSCs were isolated as described in Ref. 19 . Briefly, 6 mL BMSCs was harvested from the ileum of New Zealand white rabbits (N = 3) and diluted with the same volume of phosphate-buffered saline (PBS) containing 5000 U heparin. The mixture was separated by density centrifugation through lymphocyte separation solution (1.073 g/mL) at 1000 g for 15 min at room temperature. The mononuclear fraction interphase was collected and washed twice in PBS. The final pellet was resuspended in 3 mL Dulbecco's modified Eagle's medium (DMEM)/ F12 (Gibco, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL penicillin G (Gibco) and 100 μg/mL streptomycin (Gibco), seeded in a 25-cm 2 culture flask (Corning, USA), and cultured at 37°C under a 5% CO 2 atmosphere. The medium was changed every 48 h and nonadherent hematopoietic cells were removed. After 14 days, the cells had grown to 90% confluence and were harvested by trypsinization. Two-passaged cells were used. Cell number and viability were assessed with a hemocytometer.
Chondrocyte cultures
Chondrocytes were isolated from rabbit articular cartilage as described previously (20) . In brief, New Zealand white rabbits (N = 3) weighing about 250 g were euthanized by injection with a Nembutal overdose, and the knee cartilages were removed by sterile dissection. Pieces of cartilage were finely minced and washed with PBS and were then digested with 0.2% (w/v) collagenase (Sigma, USA) in PBS for 5 h at 37°C. The isolated chondrocytes were resuspended in DMEM/F12 (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin G (Gibco), and 100 μg/mL streptomycin (Gibco). The cells were then plated at a density of 1 x 10 5 cells/mL and placed in a 5% CO 2 incubator at 37°C. The culture medium was changed every other day.
Evaluation of the potential for multilineage differentiation of BMSCs
BMSCs at passage 2 were divided into 3 groups: the first group was induced as described by Schilling et al. (21) so that the cells developed into an adipogenic lineage, the second group into an osteogenic lineage (21) , and the third group into a chondrogenic lineage (22) .
Intracellular lipid vesicles from the adipogenic monolayer cultures were stained with Oil Red O (Sigma) as described by Pittenger et al. (23) . Cytoplasmic alkaline phosphatase (ALP) from differentiated or differentiating osteoblasts was stained with ALP solution prepared using a mixture of 80 mL Naphthol AS-MX phosphate (Sigma) and 2 mL of fast violet B salt solution (prepared according to manufacturer instructions). The cartilaginous phenotype of the induced cells was confirmed by Alcian blue and Safranin O staining.
Chondrogenesis of mesenchymal stem cells and chondrocytes
Chondrocytes and BMSCs of passage 2 were cultured to achieve chondrogenesis. Seven experimental groups were established as follows: in group 1, chondrocytes were cultured in DMEM/F12 (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin G (Gibco), and 100 μg/mL streptomycin (Gibco); in groups 2-6, chondrocytes and BMSCs were co-cultured at ratios of 4:1, 2:1, 1:1, 1:2, and 1:4 in DMEM/F12 (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin G (Gibco) and 100 μg/mL streptomycin (Gibco); in group 7, BMSCs were cultured in chondrogenic induction medium (DMEM/F12 supplemented with 10% FBS, 100 U/mL penicillin G, 100 μg/mL streptomycin, 1% ITS+ (Sigma), 10 ng/mL TGF-β1 (Invitrogen, USA), 0.1 µM dexamethasone (Sigma), and 50 μg/mL ascorbate 2-phosphate (Sigma). In group 8, BMSCs were cultured in DMEM/F12 (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL penicillin G (Gibco) and 100 μg/mL streptomycin (Gibco). Groups 1, 7 and 8 served as the control groups, and groups 2-6 as the experimental groups. All groups initially contained 3 x 10 5 cells plated at a density of 6 x 10 3 cells per cm 2 . The medium was changed every 3 days, and the cells were harvested on days 7, 14, and 21 for analysis.
Quantitative real-time RT-PCR
Total RNA was extracted from cell samples using Trizol (Invitrogen). cDNA was synthesized from total RNA using an Omniscript RT kit (Qiagen, USA) according to supplier instructions. Type II collagen and aggrecan mRNA levels were measured by real-time RT-PCR (Stepone real-time PCR Applied Biosystems, USA) using the Fast EvaGreen ® master mix for quantitative and high-resolution melting PCR (Biotium, USA). The 20-μL reaction contained 1 μL cDNA from each sample mixed with 10 μL 2X Fast EvaGreen ® qPCR Master Mix, 2 μL 10X ROX of the assayson-demand kit (Applied Biosystems), 1 μL primer, and 6 μL RNase/DNase-free water. The PCR conditions were: incubation at 95°C for 2 min followed by 45 cycles at 95°C for 15 s and at 60°C for 60 s. Data were analyzed using the ABI Stepone Sequence Detection Systems software, version 1.0, supplied by Applied Biosystems. The threshold cycle (Ct) value for each sample was defined as the cycle number at which the fluorescence intensity reached a certain threshold at which amplification of each target gene was within the linear region of the reaction amplification curves. The relative expression level for each target gene was normalized by the Ct value of the housekeeping gene GAPDH using the 2ΔCt relative quantification method, as previously described (24), with the undetected levels treated as zero. In brief, the relative gene copy number was derived using the formula 2-Δ Ct , where ΔCt is the difference in amplification cycles required to detect the amplification products of the target genes (aggrecan and type II collagen) relative to the internal control, GAPDH; namely, relative copy number = 2 -[Ct(target) -Ct(GAPDH)] . Each sample was analyzed in triplicate. PCR was performed using specific primers designed from the published sequence of each cDNA as follows: GAPDH, sense: 5′-CTGCCGCCTGGAGAAAG-3′, antisense: 5′-CGACCTGGTCCTCGGTGTA-3′; type II collagen, sense: 5′-GCACCCATGGAC ATTGGAGGG-3′, antisense: 5′-GACACG GAGTAGCACCATCG-3′; aggrecan, sense: 5′-GGTCGTGGTGAAAGGTGTTG-3′, antisense: 5′-GGTGGAAGCCATCCTCGTA-3′; type I collagen, sense: 5′-AAGAGGAAACTG CAAGAAGGG-3′, antisense: 5′-CGTTGGG ACCATCATCACC-3′.
Western blot analysis
Aliquots of cell lysates containing an equal amount of protein were submitted to SDS-PAGE and transferred onto PVDF membranes (Invitrogen). After blocking in Tris-buffered saline (TBS, pH 7.6) containing 5% nonfat milk and 0.1% Tween-20, the membranes were probed with type II collagen antibody (CP18, Calbiochem, Germany) and aggrecan antibody (AB-3773, Abcam, USA) at a 1:200 dilution in the blocking buffer and incubated overnight at 4°C, washed three times with TBST (TBS and 0.1% Tween-20), incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad, USA), and then probed using a SuperSignal West Pico chemiluminescent substrate kit (Pierce, USA). The membranes were scanned using a GS800 Densitometer Scanner (Bio-Rad), followed by data analysis using the PDQuest 7.2.0 software (Bio-Rad).
Statistical analysis
Data are reported as means ± SD and were analyzed statistically using the SPSS 10.0 software (LEAD Technologies, Inc., USA). The statistical significance of the differences between groups was determined by one-way analysis of variance (ANOVA). P < 0.05 was considered to be statistically significant.
Results

Analysis of the potential for multilineage differentiation of BMSCs
To identify the cells isolated from rabbit bone marrow with undifferentiated BMSCs, multilineage differentiations were evaluated. Adipogenesis was confirmed by the presence of neutral lipid vacuoles (lipid droplets) that were strongly positive to Oil Red O staining on day 14 ( Figure 1A) . After 21 days of culture, the BMSCs exposed to osteogenic medium were strongly positive to ALP staining ( Figure  1B) . The cartilaginous phenotype of the induced cells was confirmed by Alcian blue and Safranin O staining ( Figure  1C and D, respectively) .
Quantitative analysis of type II collagen, aggrecan and type I collagen gene expression
Quantitative real-time RT-PCR of mRNA samples obtained on days 7, 14, and 21 was performed to detect type II collagen gene expression, aggrecan and type I collagen (Figure 2) . Expression of the type II collagen gene was lower in all co-culture groups and in the induced BMSC group than in the chondrocyte group on day 7. On day 14, the gene expression of type II collagen in the 2:1 group was higher than in the chondrocyte group, whereas expression in the 1:2, 1:4, and induced BMSC groups was lower. On day 21, the gene expression of type II collagen was higher in the 4:1, 2:1, 1:1, and 1:2 groups than in the chondrocyte group, whereas the difference between the 1:4 group and the induced BMSC group or the chondrocyte group was not statistically significant. The expression of type II collagen was lower in the BMSC group than in the chondrocyte group on days 7, 14, 21 ( Figure 2A) . On day 7, the expression of the aggrecan gene in the 2:1 and 1:1 groups was higher than in the chondrocyte group but lower than in the other co-culture groups. There was no statistically significant difference between the induced BMSC group and the chondrocyte group. On day 14, the gene expression of aggrecan in the 4:1, 2:1, and 1:1 groups was higher than in the chondrocyte group. The differences between the 1:2, 1:4, induced BMSC, and chondrocyte groups were not significant. On day 21, aggrecan gene expression was higher in all co-culture groups and in the induced BMSC group than in the chondrocyte group. The expression of aggrecan in the BMSC group was much lower than in the chondrocyte group on days 7, 14, and 21 ( Figure 2B ). Expression of type I collagen was lower in all co-culture groups and in the induced BMSC group than in the chondrocyte group on days 7 and 14. On day 21, the expression of type I collagen in the 4:1, 1:1, 1:2, 1:4, and induced BMSC groups was lower in the chondrocyte group, whereas there was no statistically significant difference between the 2:1 group and the chondrocyte group ( Figure 2C ).
Semi-quantitative analysis of type II collagen and aggrecan protein expression
Protein samples obtained on days 7, 14, and 21 were subjected to semi-quantitative Western blot analysis to detect the protein expression of type II collagen and aggrecan. There was no statistical difference in type II collagen protein expression in all groups on day 7. On day 14, the expression of type II collagen was higher in the 2:1 group than in the chondrocyte group. On day 21, the expression of type II collagen in all co-culture groups and in the induced BMSC group was higher than in the chondrocyte group ( Figure 3A) . Aggrecan protein expression in the co-culture groups, the induced BMSC group and the chondrocyte group on days 7 and 14 was not significantly different. On day 21, the expression of aggrecan in the 4:1, 2:1, and 1:1 groups was higher than in the chondrocyte group, whereas there was no statistically significant difference between the 1:2, 1:4, induced BMSC groups, and the chondrocyte group. The levels of type II collagen and aggrecan in the BMSC group were too low to detect ( Figure 3B ).
Discussion
Cell co-culture provides a relatively new approach to overcome the deficits of single culture in vitro. Lin et al. (25) found that the bioactive factors excreted by pancreatic islets can enhance the migration of BMSCs and co-culture can improve islet survival and function. Rat mesenchymal stem cells can be induced to nucleus pulposus-like cells in vitro under the direct influence of intact disc tissue. After 14 days of co-culture, these cells were able to express type II collagen, aggrecan, and sox-9 at the mRNA and protein levels (26). Rangappa et al. (27) co-cultured human mesenchymal stem cells and human cardiomyocytes with direct cell-to-cell contact. Their results indicated that human mesenchymal stem cells were plastic and could be reprogrammed into a cardiomyogenic lineage.
To the best of our knowledge, there are only a few reports on the co-culture of chondrocytes and stem cells in cartilage tissue engineering. Human embryonic stem cells co-cultured with articular cartilage cells for 2 weeks significantly increased cartilage matrix production (28) . BMSCs co-cultured with human chondrocytes in an inert membrane system increasingly expressed aggrecan and type II collagen after 1 week (29). Mo et al. (30) reported that newly synthesized cartilaginous ECM and type II collagen gene expression were up-regulated after human mesenchymal stem cells (hMSC) and rabbit articular chondrocytes (rAC) were encapsulated together in alginate hydrogels for 28 days. Although the above cited studies found that stem cells could be induced into cartilage cell-like cells and that chondrocytes were supported by stem cells, they did not determine whether the co-culture of chondrocytes and BMSCs was more effective than the single culture of each cell type. The present study showed that type II collagen and aggrecan mRNA levels were higher in the 4:1, 2:1, and 1:1 co-culture groups than in either chondrocyte group or in the induced BMSC group on day 21. Type II collagen and aggrecan protein levels in the 2:1 group were much higher in the chondrocyte group or induced BMSC group on day 21. These findings indicated that the co-culture of rabbit articular chondrocytes and rabbit BMSCs within a defined range of ratios could promote the expression of cartilaginous ECM.
To the best of our knowledge, the study of variations in the ratios of chondrocytes and BMSC co-cultures was only reported by Mo et al. (30) . Rabbit articular chondrocytes and human mesenchymal stem cells were co-cultured at different ratios. Their results showed that the GAG and type II collagen content of the 1:2 (rAC:hMSC) group was higher than that of the other co-culture groups or of the BMSC group. However, the difference between the 1:2 (rAC:hMSC) group and the chondrocyte group was not statistically significant. In order to identify the origin of the newly synthesized type II collagen, in their experiment they used the two xenogeneic cell populations. Thus, the optimal ratio of two different cell populations obtained from the same species remains unknown. In the present study, cells from the same species, i.e., rabbit, were mixed at different ratios. On day 21, the expression of type II collagen and aggrecan at the mRNA and protein levels in the 2:1 group were much higher than in all other groups. Thus, the optimal ratio of rabbit chondrocytes and rabbit BMSCs in monolayer co-culture seems to be 2:1 for the expression of the proteins studied.
Type I collagen can be detected in normal articular chondrocytes and was used to measure the osteogenic differentiation of BMSCs. In our study, the expression of type I collagen was reduced as shown by a decreased number of initial chondrocytes on day 7. The expression of type I collagen in the 4:1 and 2:1 groups was increased with increasing co-culture incubation time, indicating that co-culture generally enhanced gene expression. The expression levels of type II collagen and aggrecan were much higher than that of type I collagen, which is consistent with the results of Richardson et al. (31) who co-cultured human nucleus pulposus cells and human BMSCs (31) .
The reason why co-culture of chondrocytes and BMSCs can enhance the expression of cartilaginous ECM is unclear. The microenvironment formed by chondrocytes plays a crucial role in the chondrogeneic differentiation of BMSCs (32) . Morphogenetic factors from bovine articular chondrocytes are indispensable in multiple steps during chondrogenic differentiation in vitro and in vivo (33) . Chondrogenesis is an orchestrated molecular and cellular process controlled by cellular interactions with growth and morphogenetic factors (34) . Variations in the ratio of co-cultured chondrocytes and BMSCs could influence chondrocyte function and chondrogenic differentiation of BMSCs. Moreover, the cellular interactions between chondrocytes and BMSCs in monolayer co-culture are likely to be bi-directional. Chondrocyte-secreted factors such as TGF-β, bone morphogenetic proteins and IGF-I may promote chondrogenesis of BMSCs in vitro (35) (36) (37) . Yamamoto et al. (38) co-cultured nucleus pulposus cells with mesenchymal stem cells and found that mesenchymal stem cells can enhance secretion of TGF-β, IGF-1 and epidermal growth factors from nucleus pulposus cells. A possible mode of action could be cross talk between cells via gap junctions, which has been observed in coculture of osteoprogenitor cells with endothelial cells where osteogenic differentiation was induced through the gap junction protein connexin 43 (39) . These data suggest that chondrocytes can enhance chondrogenesis of BMSCs and at same time BMSCs can improve chondrocyte function in the co-culture system. The neo-chondrocytes will further induce chondrogenic differentiation of BMSCs and ultimately form more chondrocytes.
The 3-D scaffold has been frequently used in cartilage tissue engineering. It is well known that the 3-D scaffold closely mimics the environment of articular cartilage in vivo. We suppose that the co-culture of chondrocytes and BMSCs promotes the expression of cartilaginous ECM not only in the monolayer condition but also in the 3-D scaffold. However, the exact results of co-culture of chondrocytes and BMSCs in a 3-D scaffold required further study.
Our study shows that the co-culture of rabbit articular chondrocytes and rabbit BMSCs within a defined range of ratios promotes the expression of cartilaginous extracellular matrix. Under the present conditions described, the optimal ratio seems to be 2:1 (chondrocyte:BMSC). Our method has potential applications in cartilage tissue engineering since it provides a protocol for maintaining and promoting seed-cell differentiation and function. However, the optimal ratio of human articular chondrocytes and human BMSCs and the exact mechanisms mediating cell-to-cell interactions between chondrocytes and BMSCs in co-culture require further investigations.
